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The  present  research  work  focuses  on the  production  of aluminium  (AA6082-T6)  matrix  composites  rein-
forced with various  weight  percentage  of  silicon  nitride  particles  by conventional  stir  casting  route.  The
percentage  of reinforcement  is  varied  from  0 wt.%  to 12 wt.%  in  a stage  of 3%.  The  microstructures  and
mechanical  properties  of  the fabricated  aluminium  matrix  composites  are  investigated.  The  scanning
electron  microstructure  images  reveal  the  presence  of Si3N4 particles  in  the aluminium  matrix.  The  dis-
tribution  of Si3N4 particles  has  also  been  recognized  with  X-ray  diffraction  technique.  The  mechanicalluminium matrix composites (AMCs)
tir casting
ptical microscope
canning electron microscope (SEM)
ilicon nitride (Si3N4)
properties  such  as ultimate  tensile  strength  and  hardness  have  improved  at the  cost  of reduction  in duc-
tility  with  increase  in  weight  percentage  of silicon  nitride  particulates  in  the  aluminium  metal  matrix.  The
density  and  porosity  of  the composites  also  show  an  increasing  trend  with  increase  in  volume  fraction
of  Si3N4 particles  in  the  aluminium  matrix.
© 2015  The  Ceramic  Society  of Japan  and  the Korean  Ceramic  Society.  Production  and hosting  by
Elsevier  B.V.  All  rights  reserved.. Introduction
Aluminium (Al) metals and its alloys have very low weight and
ue to this low weight, those found applications in the manufac-
uring of composite materials and the new material prepared by
sing aluminium as the metal matrix and reinforcement particles
SiC, B4C, Al2O3, Si3N4, etc.) by a suitable manufacturing process
s known as aluminium matrix composites (AMCs). These AMCs
re the proﬁcient materials in industrial applications. Because of
heir excellent mechanical properties, AMCs are widely used in
utomobile, aerospace, marine, sports, defense, etc. [1–3]. Pure
luminium matrix when reinforced with hard ceramic particles
amely B4C, SiC, Al2O3, Si3N4, etc., their strength increases result-
ng into increased wear resistance and reduced weight to strength
atio than the conventional aluminium alloy [3,4]. Having all these
dvantages, AMCs have main disadvantages of expensive fabrica-
ion process [5] and they are more brittle in nature than convention
luminium alloy, can be easily damaged. Depending upon the type,
ize and morphology of reinforcement particles, AMCs are manu-
actured by different processes such as squeeze casting, stir casting,∗ Corresponding author. Tel.: +91 9996113015; fax: +91 1744 246254.
E-mail address: pardeep84sharma@gmail.com (P. Sharma).
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187-0764 © 2015 The Ceramic Society of Japan and the Korean Ceramic Society. Producspray casting, powder metallurgy, ball milling and friction stir
processing (FSP) [6,7]. In the casting process the reinforcement
particles such as metal borides (TiB2), metal oxides (Al2O3), metal
carbides (SiC, TiC, etc.) and metal nitrides (Si3N4, AlN) are rein-
forced in the melt of aluminium matrix under atmospheric pressure
with the help of a mechanical stirrer. In case of powder metal-
lurgy the powder of reinforcement particles is blended with the
metal matrix powder, for the distribution of reinforcement parti-
cles in metal matrix, after that subjected to sintering followed by
plastic working. In ball milling process a homogeneous material
is obtained by mixing the matrix powder and reinforcement par-
ticles powder in a vial with the help of grinding medium such as
ceramic balls or hardened steel balls, so known as ball milling. FSP
is an effective process to manufacture composite materials, used
to reﬁne the microstructure; in this, the composites are manufac-
tured when the metal matrix is in a solid state condition [8–11].
Table 1 shows the comparison of different manufacturing process
used for the fabrication of AMCs [15]. Among these manufactur-
ing methods of AMCs, conventional stir casting is one of the most
commonly used processes with advantage of low cost, wide range
of material and processing conditions, can manufacture compos-
ites with up to 30% volume fraction of reinforcement with better
bonding of metal matrix with reinforcement particles because of
stirring action [12–18]. From Table 1, it is revealed that cost of fab-
ricating AMCs by stir casting is very low and high cost of fabrication
process is the main drawback in case of AMCs, for their production
tion and hosting by Elsevier B.V. All rights reserved.
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Table  1
Comparison of different manufacturing process of AMCs [15].
Process Shape and size Yield of metal Volume fraction of
reinforcement
Damage of
reinforcement
Processing cost
Stir casting Ranges of shape is high and can manufacture
parts up to weight of 500 kg
More than 90% Up to 30% No damage Processing cost is very low
Squeeze casting Limited shape and can manufacture of parts of
only 2 cm height
Low Up to 45% Severe damage Processing cost is moderate
Spray  casting Limited shapes and can manufacture large
sized products
Medium 30–70% – Processing cost is high
Powder metallurgy Wide range of shapes but size is restricted High – Fracture of
reinforcement
Processing cost is high
Table 2
Chemical composition of base metal AA6082.
Constituent Al Cu Mg Si Fe Ni Mn Zn
1.
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at a constant feed rate into vortex of aluminium melt. Argon gas
was provided into the molten mixture during whole process to
offer an inert troposphere. After the stirring of molten mixture it
was poured into a preheated permanent mould. Argon gas was
Table 3
Properties of Si3N4.Content (%) 97.14 0.038 0.690 
t a huge level such as in industrial applications. Moreover, it can
roduce product of diverse shape of very large size. Because of all
hese advantages, stir casting process is employed in the present
ork.
Silicon nitride (Si3N4) constitutes hard ceramic particles with
igh mechanical strength and good wear resistance, and also can
e used as a reinforcement material in the manufacturing of AMCs
19]. Al/Si3N4 AMCs showed high speciﬁc strength compared to
hat of unreinforced alloy [20]. AMCs reinforced with Si3N4 parti-
les manufactured by powder metallurgy technique showed high
ardness than that of conventional aluminium matrix and hardness
ncreased by increasing the volume fraction of Si3N4 particles [21].
A6061 matrix composites reinforced with nickel coated Si3N4 par-
icles manufactured by liquid metallurgy route resulted in higher
ardness and ultimate tensile strength (UTS) of the composites
han that of pure AA6061 [22]. Al/Si3N4 AMCs manufactured by
ressure inﬁltration method showed improved mechanical proper-
ies than that of conventional Al alloy [23]. AA6061/SiC composites
anufactured by liquid metallurgy route exhibited an increase in
ensity, hardness, and tensile strength with a reduction in ductil-
ty with increasing content of SiC in the aluminium metal matrix
24]. AA2014/SiC composites manufactured by liquid metallurgy
oute displayed an increase in density, porosity and hardness with
ncreasing content of SiC content in the matrix [25]. AA/SiC com-
osites manufactured by vacuum inﬁltration process revealed an
ncrease in hardness and density with increased content of SiC [26].
A/SiC composites manufactured by stir casting route indicated a
ecrease in density and percentage elongation with an increase
n hardness, tensile strength and porosity [27]. AA2024/Al2O3
omposites manufactured by vortex process and applied pres-
ure showed an increase in hardness, tensile strength, density
nd porosity with increased content of Al2O3 [18]. AA/B4C com-
osites manufactured by stir casting process showed an increase
n hardness and tensile strength with increased content of B4C
28]. AA6061/AlN composites manufactured by stir casting route
howed an increase in hardness and tensile strength with increased
ontent of AlN in the metal matrix [29]. AA6061/Flyash composites
anufactured by compo-casting exhibited an increase in hardness
nd tensile strength with a reduction in percentage elongation with
ncreased content of Flyash in the metal matrix [30]. AA7075/TiB2
omposites manufactured by stir casting showed an increase in
ardness and tensile strength with a reduction in ductility with
ncreased content of TiB2 in the metal matrix [31]. AA6082/TiC
omposites manufactured by friction stir processing indicated an
ncrease in hardness and tensile strength with increased content
f TiC [32]. AA6061/TiB2 composites manufactured by stir casting16 0.258 0.04 0.580 0.027
revealed an increase in hardness with weight percentage of TiB2 in
the metal matrix [33].
It is revealed from the available literature that a limited work has
been reported on mechanical characterization of AMCs reinforced
with Si3N4 by using different aluminium matrix and diverse man-
ufacturing methods. But till now none of the researchers used AA
6082 as matrix material and no work has been reported on AA6082
reinforced with Si3N4 particulates manufactured by low cost stir
casting process. So the author presented a research work on the
microstructure and mechanical properties of (AA6082 + 0% Si3N4),
(AA6082 + 3% Si3N4), (AA6082 + 6% Si3N4), (AA6082 + 9% Si3N4) and
(AA6082 + 12% Si3N4) reinforced AMCs, because AA6082 is a highly
wear and corrosion resistant metal and found tribological applica-
tion in the manufacturing of automotive parts.
2. Experimental procedure
2.1. Fabrication process
The proposed AMC  was produced using AA6082-T6 having the
chemical composition as shown in Table 2. The ultimate tensile
strength of cast AA6082 was found to be 161.5 MPa. The micro-
and macro-hardness of cast AA6082 were 49.5 VHN and 31.6 BHN,
respectively, while percentage elongation was 8.7. The reinforcing
particle was  Si3N4 with mesh size of 50 m. Table 3 provides the
details of Si3N4 reinforcement particles.
A batch of 1000 g of aluminium alloy was melted at 900 ◦C
in graphite crucible using an electric furnace shown in Fig. 1.
Proper stirring is required in order to achieve uniform spreading
of reinforcement in the aluminium melt. The melt was stirred with
the help of a mechanical stirrer to form a ﬁne vortex [34,35]. To
oxidize the surface of reinforcement particles, the Si3N4 ceramic
powder was preheated with the help of reinforcement preheat
set-up shown in Fig. 2. This preheated Si3N4 powder was suppliedReinforcement
particles
Hardness
(GPa)
Average particle
size (m)
Density
(g/cm3)
Si3N4 35.31 50 3.44
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Fig. 1. Stir casting set-up.
Fig. 2. Reinforcement preheat set-up.
Table 4
Process parameters of stir casting.
S.N. Process parameters Value
1 Stirring temperature 900 ◦C
2  Stirring speed 200 rpm
3  Stirring time 10 min
4  Preheat temperature of reinforcement particles 500 ◦C
5  Preheat temperature of permanent mould 250 ◦C
Fig. 3. The manufactured stir castFig. 4. Typical tensile test specimen.
supplied till the whole melt was poured into the preheated perma-
nent mould. The manufactured composite was  allowed to solidify
in atmospheric air and was  taken out from the permanent mould
after complete solidiﬁcation. The AMCs having different weight
percentage (3, 6, 9 and 12%) of Si3N4 particles were manufactured
by the same procedure. Table 4 shows the process parameters
employed in the process of stir casting in the present work. The
fabricated typical AMCs are shown in Fig. 3.
2.2. Microstructure and testing
A metallographic study was  carried out on the fabricated AMCs
using optical microscope (OLYMPUS-BX51 M,  Japan) and scanning
electron microscope (SEM). The X-ray diffraction (XRD) analysis,
and tests on hardness and tensile strength were also carried out.
The specimens prepared from the fabricated composites were
polished by abrasive paper of grades 200, 400, 600, 800 and 1000,
respectively, and etched by means of Keller’s etchant. The den-
sity and porosity of the fabricated composites were measured by
employing the Archimedean principle [36]. A metallographic study
was carried out on the cast as well as manufactured composites
by using an optical microscope and scanning electron microscope
(FESEM with EDX model, Surpa 40 VP with Bruker EDS system,
Germany) attached with energy dispersive spectroscope and ele-
mental mapping. X-ray diffraction pattern was obtained by using
X-ray diffractometer (Bruker D8 Discover, X-ray source-Cu, 3KW,
Germany).
The micro-hardness of fabricated composites was evaluated on
Vickers hardness tester (MITUTOYO-MVK-H1, England) for a dura-
tion of 15 s at a load of 500 g. The macro-hardness of the composites
was measured on Brinell hardness tester (model 7KB3000, India)
for a duration of 15 s at a load of 500 kg. The specimens for the ten-
sile test were prepared by following the ASTM E08 standard [37].
A typical tensile sample is shown in Fig. 4. The ultimate tensile
strength (UTS) was  predicted on computerized universal testing
machine (HITECH TUE-C-1000, India).
 AA6082-Si3N4 composites.
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Table  5
Density and porosity of various composites [38].
wt.% of reinforcement Density (g/cm3) Porosity (%)
0 2.69 0.37
3  2.705 0.55
6  2.72 0.73
3
3
T
i
d
0
i9  2.74 1.08
12  2.75 1.43
. Results and discussion
.1. Evaluation of density and porosity
Table 5 shows the density and porosity of fabricated composites.
he results revealed that presence of Si3N4 particles has inﬁnites-
mal inﬂuence on the density of the fabricated composites, as the
ensity of Si3N4 reinforced particles increased from 2.69 g/cm3 at
 wt.% Si3N4 addition to 2.75 g/cm3 at 12 wt.% Si3N4 addition. This
ncrease in density of composites may  be due to high density of
Fig. 6. Photomicrographs of cast AA6082-Si3N4 AMCs: (a) 0% Si3NFig. 5. SEM image of pure Si3N4 powder.
4, (b) 3% Si3N4, (c) 6% Si3N4, (d) 9% Si3N4 and (e) 12% Si3N4.
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i3N4 (3.44 g/cm3) than that of the AA6082 (2.7 g/cm3). The poros-
ty of composites increased from 0.37 to 1.43 as the wt.% of Si3N4
articles increased from 0% to 12%. This rise in porosity may  be
ecause of existence of impurities in both the matrix material and
einforcement particles [38].
.2. Evaluation of microstructure
Fig. 5 shows the SEM image of pure Si3N4 ceramic particles used
n the present research. Aluminium reinforced with Si3N4 particles,
omposites are successfully fabricated by conventional stir casting
rocessing method. Fig. 6(a) shows the optical micrograph of cast
A6082 (0 wt.% of Si3N4). The microstructure of cast AA6082 com-
rises of solid solution of aluminium and inter-dendritic system of
luminium silicon eutectic. The optical micrographs of fabricated
MCs are shown in Fig. 6(b)–(e). Optical micrograph indicates the
ccurrence of Si3N4 particles in the aluminium matrix. In all the
abricated AMCs (Fig. 6(a)–(e)) Mg2Si precipitates are present the
oundation of which are magnesium and silicon present in the base
atrix (AA6082).
Fig. 7. SEM photomicrograph of cast AA6082-Si3N4 AMCs: (a) 0% Si3N4, (b) 3% Si3mic Societies 3 (2015) 352–359
Fig. 7(a) shows the scanning electron micrograph (SEM) image
of cast AA6082. Fig. 7(b)–(e) shows the SEM images of manufac-
tured AMCs. The SEM images also reveal the occurrence of Si3N4
particulates in the aluminium metal matrix. Though at some spaces
cluster of Si3N4 particulates has been observed which is due to high
density of Si3N4 particles (3.44 g/cm3) than aluminium (2.7 g/cm3),
which resulted into agglomerations of Si3N4 particles at scarce
spots. SEM images of composites exposed a rich interface between
metal matrix and Si3N4 particles (Fig. 7(f)–(g)). During solidiﬁca-
tion of composites the dendrites of aluminium solidify initially and
Si3N4 particles are precluded by solid–liquid interface, causing the
segregation of Si3N4 particles at the inter dendrite region [28].
Fig. 8 shows the EDAX pattern of 12% Si3N4 reinforced compos-
ite, it is observed from EDAX pattern that main elements present
are Al, Mg,  Si, N and Mn.  Fig. 9 shows the elemental map anal-
ysis of 12% Si3N4 reinforced composite. Elemental maps conﬁrm
the presence of Si3N4 in the form of Si and N. Mg  and Mn  are
also present, which are the constituents of AA6082. Table 6 shows
the different elements present in 12% Si3N4 reinforced composite.
From the analysis of microstructure (optical and SEM), EDAX and
N4, (c) 6% Si3N4, (d) 9% Si3N4, (e) 12% Si3N4, (f) 3% Si3N4 and (g) 12% Si3N4.
P. Sharma et al. / Journal of Asian Cera
Fig. 8. EDAX analysis of 12% Si3N4.
Table 6
Elements present in AA6082 + 12% Si3N4 reinforced composites.
Element Weight % Atomic %
Al 95.21 93.08
Si  1.08 1.02
Mg  0.42 0.45
Mn  0.53 0.25
N  2.76 5.20
Fig. 9. Elemental map  anmic Societies 3 (2015) 352–359 357
elemental maps it is conﬁrmed that fabricated composites are Si3N4
reinforced.
3.3. XRD analysis of the AMCs
XRD provides the details about the different elements existing in
the fabricated composites. XRD analysis shown in Fig. 10 conﬁrms
the presence of Si3N4 particulates within the aluminium matrix.
The peak of Si and N is clearly visible in the XRD pattern. The peak
of N (Si3N4) is increasing with increased content of Si3N4 particles
while the peaks of Al are reducing. It is observed that the peak of Al
in the fabricated AMCs is slightly shifted to lower 2 theta angles as
compared to that of AA6082. The XRD results reveal that main ele-
ments present are Al (largest peak) and N (second largest peak) and
Si (lower peak). The Al is present in the form of phase i.e. Al (2 2 0),
Al (3 1 1), Al (1 1 1), Al (2 0 0), Al (2 2 2) and N in the form N (2 2 0),
N (2 1 1) and N (4 2 2) while Si is present in the form of Si (0 0 1).
These peaks are recognized with the help of JCPDS software. The
XRD results also approve the elemental map  results which veriﬁes
that fabricated composites are Si3N4 reinforced composites.
alysis of 12% Si3N4.
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Fig. 10. XRD pattern of AA6082-Si3N4 composites.
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.4. Evaluation of mechanical properties
The mechanical properties of AA6082 are improved upon Si3N4
ssimilation. Fig. 11 shows the relation between weight percent-
ges of Si3N4 particles and micro-hardness (VHN) of fabricated
MCs while Fig. 12 shows the relation between weight percent-
ges of Si3N4 particles and macro-hardness (BHN) of fabricated
MCs. It is observed that both micro- and macro-hardness of
MCs are increasing linearly with increase in weight percentage
f Si3N4 particles. This may  be attributed because of escalation in
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occurrence of hard Si3N4 particles in the aluminium matrix and
high hardness of Si3N4 particles. Incorporation of reinforcement
particles in the aluminium matrix enhances their surface area and
the size of aluminium matrix grains reduced. The occurrence of
these hard surface areas of Si3N4 particles offers huge resistance
to the plastic deformation which results into augmentation of
the hardness of fabricated AMCs. Further, the occurrence of hard
and brittle Si3N4 particles in the soft and ductile AA6082 matrix
reduces the ductility content of fabricated AMCs due to small duc-
tile content of matrix metal in the composite, which considerably
enhances the hardness of fabricated AMCs [3]. Increased amount of
reinforcement in the matrix leads to increased dislocation density
during solidiﬁcation due to thermal mismatch of the aluminium
matrix and reinforcement. The mismatch of thermal expansion
between aluminium matrix and reinforcement, because of temper-
ature difference, results in enormous internal stress due to which
aluminium matrix deforms plastically to lodge the smaller volume
expansion of reinforcement particles. Augmentation in dislocation
density at the particle–matrix interface outcomes in higher resis-
tance to plastic deformation, leading to enhanced hardness. This is
in agreement with the results obtained by earlier researchers [39].
Similar outcomes of rise in hardness with increasing amount of
reinforcement in the matrix irrespective of the fabrication process
of AMCs were achieved by previous researchers [18,21–26,28–33].
Fig. 13 shows the relation between tensile strength of fabricated
AMCs and weight percentage of Si3N4 particles. It can be concluded
that Si3N4 particles are very operative in enhancing the tensile
strength of fabricated AMCs from 161.5 MPa  to 201 MPa. This rise
in UTS may  be due to occurrence of hard Si3N4 particles in the alu-
minium matrix. These hard Si3N4 particles impart their strength
to the aluminium matrix by their strengthening mechanism; as a
result of load transfer from reinforcement particles to matrix, due
to which matrix offer more resistance to tensile stress produced. It
is well known that thermal expansion co-efﬁcient of Si3N4 partic-
ulates is 1.4–3.7 × 10−6/◦K and for aluminium is 24 × 10−6/◦K. This
mismatch of thermal expansion between the matrix and reinforce-
ment particles results into higher dislocation density in the matrix
and load bearing capacity of hard reinforcement particles, which
rises the strength of the AMCs [40]. When the content of low coef-
ﬁcient of thermal expansion (CTE) reinforcement particles rises in
the higher coefﬁcient of thermal expansion matrix, it results into
the micro-structural characteristics of the matrix to change with
a coincident contribution in growing strength. Further, increase in
strength may  be attributed because of load transfer of reinforce-
ment particles to matrix, which increases the load bearing capacity
of fabricated composites which results into escalation in strength.
Same results of increase in tensile strength with increasing amount
P. Sharma et al. / Journal of Asian Cera
8.6
5.6 5.1
4.7
4.3
0
1
2
3
4
5
6
7
8
9
10
0 3 6 9 12
El
on
ga
tio
n 
(%
)
% Wt of Si3N4 ad dition
F
t
o
o
f
p
a
p
S
i
c
t
a
p
o
r
t
[
4
s
a
f
1
2
3
4
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[ig. 14. Variation of percentage elongation with weight percentage of Si3N4 addi-
ion.
f reinforcement in the matrix regardless of the fabrication method
f AMCs were acquired by previous researchers [18,22–24,28–32].
Fig. 14 shows the relation between percentage elongation of
abricated AMCs and weight percentage of Si3N4 particles. The
ercentage elongation reduced with increase in percentage Si3N4
ddition in the aluminium matrix. The brittle behaviour of the Si3N4
articles plays a signiﬁcant role in reducing the ductility; because,
i3N4 as a reinforcement is brittle and they enlarged the brittleness
n the fabricated composites, which in-turns reduced the ductility
ontent of the composites. Further, increasing the wt.% of Si3N4 par-
icles in the composites repels the ﬂow-ability of aluminium matrix
nd decreases the ductile matrix content, which results in the fall of
ercentage elongation of the composites. Identical consequences
f decrease in percentage elongation with increasing amount of
einforcement in the aluminium matrix irrespective of the fabrica-
ion process of composites were achieved by earlier investigators
24,27,30,31].
. Conclusion
The AA6082/Si3N4 composites were magniﬁcently fabricated by
tir casting process with various volume fraction (viz. 0, 3, 6, 9
nd 12%) of reinforcement particles. From this research work, the
ollowing conclusions are derived.
. Fabrication of Al–Si3N4 composites was done magniﬁcently by
stir casting processing method.
. The optical microstructure, SEM images and XRD analysis
revealed the presence of Si3N4 reinforcement particles in the
fabricated AMCs.
. Density and porosity of the fabricated composites were
increased from 2.69 to 2.75 g/cm3 and from 0.37 to 1.43, respec-
tively, with respect to addition of weight percentage of Si3N4
particles (i.e. from 0% to 12%).
. Hardness of the composites was increased from 49.5 VHN to
93.5 VHN and 31.6 BHN to 58 BHN with respect to addition of
weight percentage of Si3N4 particles (i.e. from 0% to 12%).
[
[mic Societies 3 (2015) 352–359 359
5. The reinforcement of Si3N4 particles has improved the tensile
strength of cast AA6082 from 161.5 MPa  to 201 MPa  with a
reduction in ductility from 8.7 to 4.3 with respect to addition
of weight percentage of Si3N4 reinforcement particles (i.e. from
0% to 12%).
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